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Structure of this course

1) Structured light basics

2) Structured light and atoms

3) Structured light and optical forces



Day Two

Part x

Review Day 1



an ion trap
ion in a beam

Dancing in the dark - the Sao Paulo anecdote, ca. 2008

a hollow beam
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Light Angular Momentum





Twisted Light - spiraling beams
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Orbital Angular Momentu - first experiment
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Light-Matter Interaction - a summary



Day Two

Part 1

Quadrupole Interactions



Equation of the LG beams

Dancing in the dark Structured light beams - Laguere- Gauss type.

Apl(x)

|Apl(x, y)|2

Intensity

Field
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Ferdinand's insight -> Go Quadrupole!Dancing in the dark

Calcium ion energy levelsRecap: matrix elements & selection rules
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Ferdinand's insight -> Go Quadrupole!Dancing in the dark

Calcium ion energy levelsRecap: matrix elements & selection rules
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Dancing in the dark Where do the gradients come from?
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Nature communications 7, 12998 (2016)



Nature communications 7, 12998 (2016)



Things i've learned
- shut up and calculate
- leave ideas rest
- it's the optics, stupid  



Experimental setup
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Part 2

Ion Trapping



How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method
An observation method

A trap trap diagrams and Earnshaw's theorem



How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method
An observation method

A trap Paul trap working mechanism - oscillating potential



How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method
An observation method

A trap Paul trap, mechanical analogue



How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method
An observation method

A trap A linear Paul Trap



How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method
An observation method

A trap An ring Paul Trap



How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method
An observation method

A trap An ring Segmented Trap



How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method
An observation method

A vacuum chamber Vacumm chamber, vacuum pumps, backing, and lots of patience!

P < 10−11mbar



How to trap ions

Ovens: a source of neutral atoms in vacuum

A trap
A vacuum chamber
Atoms
An ionization method
An observation method

Atoms



How to trap ions

An ionization method Typically REMPI, two photon photoionization, but can also be otherwise...

A trap
A vacuum chamber
Atoms
An ionization method
An observation method



How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method
An observation methodAn observation method

Resonance fluorescence, and Doppler cooling, plus extra "repumping"



How to trap ions

Frequency stabilized, power stabilized, polariztion controlled.
Switchable in us, in amplitude and frequency.

A trap
A vacuum chamber
Atoms
An ionization method
An observation method
An ionization method

Lasers, lasers, lasers.
For cooling, ionizing, optical pumping, coherent control, etc.

An observation method



How to trap ions

A trap
A vacuum chamber
Atoms
An ionization method
An observation method

Trap, lasers, chamber and observation optics
An observation method



How to trap ions - voilà
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How to trap ions - voilà
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How to trap ions - voilà

Linear trap crystals Ring trap crystals



videos and imagis ov moving ions in segmented traps
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Orbital angular momentum and selection rules in atoms



Twisting in the dark what about the (orbital) angular momentum?

Historical remarks

Intrinsic, polarization

Historical remarks

Extrinsic, orbital angular momentum

A = A0(x̂± iŷ)

→ Jz = ±ℏ

∆mJ = ±1

A = A0(x̂± iŷ)eilϕ

→ Jz = ±ℏ+ lℏ

∆mJ = ±1 + l · · · ?

- The experiments of Hanle & of Bär.
-- Anomalies in Raman scattering.

- The conclusion of Raman, Kastel and Cabannes.
-- Wait, recalculating!

- The expriments of Beth.
-- Let's go macroscopic.

- The paper PRA 45, 8185 (1992)
"Orbital angular momentum of light and 
the transformation of Laguerre-Gaussian laser modes"
by Allen, Beijersbergen, Spreeuw and Woerdman

- The first demonstration by H. Rubenstein-Dunlop

- The many failed attempts to observe optical activity.
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Twisting in the dark selection rules, for a rotationally symmetric system B||k

only polarization polarization +  structure
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Twisting in the dark selection rules, for a rotationally symmetric system B||k
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Twisting in the dark selection rules, for a rotationally symmetric system B||k
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Twisting in the dark Results

Rabi frequencies for each transition

Angular momentum of photon

Change in angular momentum
of atom

Nature communications 7, 12998 (2016)



Twisting in the dark

Spectrum example and Rabi oscillation 
taken from Gulde Phd (2003)

Extra. How we measure. 1) find your peaks for each transition

2) tune to each peak and measure Rabi oscilations

3) repeat for each SAM and OAM configuration



Light-Matter Interaction - a summary



Twisting in the dark

Rabi frequencies for each transition

Angular momentum of photon

Change in angular momentum
of atom

Nature communications 7, 12998 (2016)

- cuantitative results.
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Stong Focusing of Beams - beyond the paraxial approximation
Focusing of LG beams with circular polarization

spin/polarization

orbital/structure

σ = ±1

ℓ = 0,±1,±2, · · ·
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Optical Activity



Light-Matter Interaction - a summary



Light-Matter Interaction - optical actvity



Light-Matter Interaction - optical actvity

2016



Light-Matter Interaction - optical actvity

2020



Light-Matter Interaction - optical actvity

OAM sorting though SOAM OAm coupling in
"vortex" fibers.

Then any AOM mode sorter is an optically active material.

BUT WAIT!

See review: 

Orbital angular momentum of twisted light: chirality
and optical activity
Kayn A Forbes and David L Andrews 2021 J. Phys. Photonics 3 022007



Light-Matter Interaction - a summary



Light-Matter Interaction - a summary
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AC Stark Shifts
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Hamiltonian

H = H0 +Hint

H0 = σz
ℏωa

2

=
ℏωa

2
|e⟩⟨e|− ℏωa

2
|g⟩⟨g|

Hint = ℏΩσx cos(ωlt)

Going to a frame rotating as...

The hamiltonian, tranforms, in the rotating wave approximation to:

H ′ ≈ ℏδ
2

σz + ℏΩσx

U = exp{−iσz(ωl − δ)t/2}

H ′ ≈ ℏΩ′
�

δ

2Ω′ σz +
Ω

Ω′ σx

�

Ω′ =
p

Ω2 + δ2/4

δ ≫ Ω

hamiltonian and time evolution

when

where

H ′ ≈ ℏΩ′
�

δ

2Ω′ σz +
Ω

Ω′ σx

�

1 0

Ω′ → δ2

2
+

Ω2

δ
Trasnforming back

H = σz

�
ℏωa

2
+

Ω2

δ

�

AC Stark Shift, Autler-Townes effect 
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AC Stark Shift problems and applications

Problems for frequency standars

We demostrated a reduction in the AC stark shif of ~40x
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AC Stark Shift problems and applications

Problems for frequency standars



AC Stark Shift problems and applications

Problems for frequency standars

The devil's advocate: hyper-Ramsey and balanced-Ramsey spectrocopy

Suppression of AC stark Shift by 2-4 orders of magnitude



AC Stark Shift problems and applications
Optical Tweezers and Magic Wavelength

cred. Inst. d' Optique, Paris

δ > 0 δ < 0or

Atom arrays (record Quantum Volume by Lukin Group)

Low and high field seakers Magic Wavelength

Allows optical trapping,
leaving one (clock or qubit) transition undisturbed.



AC Stark Shift problems and applications
Spin dependent forces.

Existing Applications Proposed Applications

Structured BeamsStanding Waves

Same, but without problems of phase stability!Gates betweeen ions.
Generation of cat states.
Generation of sweezed states.
Sping dpenedent motional control of ions and atoms.



Thank you for you attention.
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